Abstract Mitochondria are key cytoplasmic organelles, responsible for generating cellular energy, regulating intracellular calcium levels, altering the reduction-
Introduction
Increasing evidence suggests that mitochondria are involved in aging (Wallace 2005a; Beal 2005; Reddy 2006a , Reddy 2007 , age-related neurodegenerative diseases (Wallace 1999; Swerdlow and Khan 2004; Hirai et al. 2001; Wallace 2005a; Beal 2005; Reddy and Beal 2005; Lin and Beal 2006; Martin 2006; Abeliovich and Beal 2006; Trushina and McMurray 2007; Fukui and Moraes 2007; Kim et al. 2007 , Swerdlow 2007b , cancer (Wallace 2005a; Kroemer 2006; Galluzzi et al. 2006) , and diabetes (Moreira et al. 2007; Rabol et al. 2006; Rolo and Palmeira 2006; Simmons 2006 ) (see Table 1 ). Genetic mutations are reported to cause a small proportion of neurodegenerative diseases, including Parkinson's disease (PD), Alzheimer's disease (AD), and amyotrophic lateral sclerosis (ALS). Causal factors are still unknown for the vast majority of late-onset cases of AD, PD and ALS. In addition, pathomechanisms of disease processes and selective neuronal death in these diseases are not clearly understood. It has been established that aging is a major risk factor for developing several neurodegenerative diseases (Beal 2005; Wallace 2005a; Reddy 2006a; Reddy 2007) . However, the precise connection between aging and neurodegenerative diseases is unclear. Recently, several studies and reviews have reported that age-related, mitochondrially generated reactive oxygen species (ROS) is a factor in the development and progression of lateonset neurodegenerative diseases (Swerdlow and Khan 2004; Beal 2005; Wallace 2005a; Reddy 2006a; Schapira 2006; Lin and Beal 2006; Reddy and Beal 2008) . If this proves to be the case, one possible means to delay the progression of these diseases may be to treat mitochondria before symptoms appear.
Recent advances in molecular, cellular, biochemical, and animal-model studies of inherited neurodegenerative diseases revealed that mutant proteins--such as amyloid beta (Aß) in AD; mutant huntingtin in HD; mutant SOD1 in ALS; mutant parkin, mutant DJ1, and mutant a-synuclein in PD; and frataxin in Freidriech ataxia (FRDA)--are associated with mitochondria, leading to increased production of free radicals, low production of cellular ATP, and ultimately cell death (Lin and Beal 2006) . It is now known that mitochondrial dysfunction is a common cellular change in the disease process of several inherited neurodegenerative diseases. The involvement of mitochondrial dysfunction in both inherited and late-onset neurodegenerative diseases points to the need to develop therapies to treat mitochondria in age-related neurodegenerative diseases. This article discusses structural and functional changes that have been found in mitochondria in aged individuals and in patients with age-related neurodegenerative diseases. This article also outlines the potential of mitochondrial medicine to treat aging and neurodegenerative diseases.
Mitochondrial Synthesis, Lifespan, and Decay
Mitochondria, which are cytoplasmic organelles, are the result of a symbiotic association between a glycolytic protoeukaryotic cell and oxidative bacterium about 1.5 billion years ago (Reddy and Beal 2005) . Mitochondria are present virtually in all eukaryotic cells, including neurons. The half-life of neuronal mitochondria is about one month (Reddy 2007) . However, the decay of old mitochondria and the synthesis of new mitochondria are active in all cells, including neurons. Because of continuous mitochondrial recycling, the function of mitochondria is well maintained in neurons ). The precise mechanisms by which the mitochondrial synthesis happens are not completely understood. There is evidence to suggest that mitochondrial DNA (mtDNA) divide, facilitate mitochondrial replication, and complete the synthesis of new mitochondria. Mitochondria also increase from preexisting mitochondria due to mitochondrial fission, which occurs in all eukaryotic cells, including neurons Reddy 2007) .
A mitochondrion contains 2-10 copies of mtDNA (Reddy and Beal 2005) . The mtDNA copy number, and the number of mitochondria per cell, is purely dependent on cell type, and energy demand in the cell. For example, the number of mitochondrial DNA in fertilized human oocytes is about 250,000, while for unfertilized oocytes, the mean mitochondrial DNA number is 164,000 (Van Blerkom 2008) . In pyramidal neurons from hippocampus and cortex, the copy number of mitochondrial DNA, and the number of mitochondria are expected to be high because energy demand is high in those neurons.
In an oxidative stress state or when cells are exposed to mitochondrial toxins, mitochondria divide rapidly due to increased free radical production and the activation of mitochondrial fission proteins (Reddy 2007) . The newly synthesized mitochondria in a diseased state may be generally heterogeneous (both defective and functionally active). This fact was supported by a recent AD study by Hirai et al. (2001) . They found increased oxidative damage in AD patients, a striking and significant increase in mtDNA in cell body mitochondria in the pyramidal neurons, and cytochrome oxidase in their neuronal cytoplasm, suggesting that oxidative stress may be a key factor for increased mitochondrial turnover and the production of defective mitochondria (Hirai et al. 2001) .
It is well established that mitochondria in the cell body are transported down the axons and dendrites to serve cellular energy demands (Reddy and Beal 2008) . If mitochondria localized in the cell body are damaged or are otherwise degraded, such as by aging or by mutant proteins, these defective mitochondria may be transported to synaptic terminals via natural mitochondrial trafficking, where they produce low levels of ATP due to their degradation. Synaptic terminals are sites of high-energy demand. Therefore, increased transport of mitochondria to synaptic terminals may be critical and necessary to deliver mitochondria. Older synaptic mitochondria may exhibit greater damage from oxidative stress than cell-body mitochondria (Reddy and Beal 2008) , and this increased damage may affect neurotransmission and may ultimately be responsible for clinical symptoms in neurodegenerative diseases.
Mitochondrial Structure and Function
Mitochondria are the power houses of cells, providing energy for several cellular functions, including intracellular calcium regulation, ATP production, the release of proteins that activate the caspase family of proteases, and the alteration of the reduction-oxidation potential of cells and free radical scavenging. Mitochondria are compartmentalized with two lipid membranes: the inner mitochondrial membrane and the outer mitochondrial membrane (Reddy 2007) . The inner mitochondrial membrane houses the mitochondrial respiratory chain and provides a highly efficient barrier to the flow of ions. The inner mitochondrial membrane covers the mitochondrial matrix, which contains tricarboxylic acid and beta-oxidation. The outer mitochondrial membrane is basically porous and allows the passage of low molecular weight substances between the cytosol and the intermembrane space (see Fig. 1 ).
Mitochondria are controlled by both nuclear and mitochondrial genomes. MtDNA consists of a 16.5 kb doublestranded circular DNA molecule that is maternally Parkin is a gene product of Ubiquitin E3 ligase and is associated with outer mitochondrial membrane, and induces free radical production LRRK2: Found to be associated with outer membrane and may induce free radicals OMI/HTRA2: Pro-apoptotic serine protease found in the mitochondrial intermembrane space inherited (Anderson et al. 1981) (Fig. 2) . MtDNA has 2 strands: a guanine-rich heavy strand (or outer strand) and cytosine-rich light strand (or inner strand). The electron transport chain (ETC) comprises 13 polypeptide genes. MtDNA also encodes the 12S and 16S rRNA genes, and the 22 tRNA genes, which are required for mitochondrial protein synthesis. MtDNA encodes 7 subunits (ND1, 2, 3, 4, 4L, 5, and 6) of the 46 subunits constituting complex I, one of 11 subunits of complex III, 3 of 13 subunits of complex IV, and 2 of 17 subunits of complex V (Reddy and Beal 2005) . Nuclear genes encode the remaining mitochondrial proteins (other than ETC), metabolic enzymes, DNA and RNA polymerases, ribosomal proteins, and mtDNA regulatory factors, such as the mitochondrial transcription factor A. Nuclear mitochondrial proteins are synthesized in the cytoplasm and are subsequently transported into mitochondria. The import of the majority of mitochondrial proteins is accomplished by membranespanning, multi-subunit translocators of the outer and inner mitochondrial membranes. Mitochondrial ATP is generated via oxidative phosphorylation (OXPHOS). OXPHOS is dependent on 5-subunit polypeptide complexes (I-V) located within the inner mitochondrial membrane (Fig. 1) . These polypeptide complexes utilize flavins, nicotinamides, cytochromes, iron-sulfur clusters and copper centers to transfer electrons in a series of oxidation reduction steps. Through this succession of oxido-reduction reactions, electrons pass along the ETC complexes and generate an electrochemical gradient by fueling the extrusion of protons from the matrix across the inner mitochondrial membrane complexes. ATP is then generated by the dissipation of this proton gradient through complex V. Mitochondria are critical in the metabolism of all the mammalian cells, including brain neurons. Abnormalities in mitochondrial structure and function may lead to age-related neurodegenerative diseases (Reddy 2007) .
Reactive Oxygen Species Production and Mitochondrial Structural Changes
Mitochondrial structure and shape are maintained by the balancing of 2 opposing processes of mitochondria: mitochondrial fission and mitochondrial fusion. Mitochondrial fusion is the integration of 2 mitochondria. Fusion allows mitochondria within a cell to support each other. Mitochondrial fusion protects cells from the detrimental effects of mtDNA mutations by allowing functional complementation of mtDNA gene products. Mitochondrial fusion changes the shape of mitochondria to suit a particular developmental function (Chan 2006) . Mitochondrial fusion Fig. 1 Structure of mitochondria and sites of free radical generation. A mitochondrion is compartmentalized with two lipid membranes: the inner mitochondrial membrane and the outer mitochondrial membrane. The inner mitochondrial membrane houses the mitochondrial respiratory chain and provides a highly efficient barrier to ionic flow. Each mitochondrion contains 2-10 copies of a mitochondrial genome. In the ETC complexes I and III leak electrons to oxygen, producing primarily superoxide radicals. Superoxide radicals are dismutated by manganese superoxide dismuase and produce H 2 O 2 . In addition, ETC involves H 2 O 2 reducing to H 2 O and O 2 by catalase or glutathione peroxidase accepting electrons donated by NADH and FADH 2 and then yielding energy to generate ATP from adenosine diphosphate and inorganic phosphate. Free radicals are also generated by tricarboxylic acid in the matrix. These radicals are carried to the cytoplasm via voltage-dependent anion channels, and may involve oxidation DNA and proteins in the cytoplasm lacking cells show decreased mitochondrial function. (Chan 2006) . It is possible that mitochondrial fusion is minimal at synaptic terminals because isolated mitochondria are localized at synaptic terminals. The absence of mitochondrial fusion may lead to increased production of ROS and low ATP, and may ultimately lead to decreased neurotransmission, particularly in a diseased state.
Mitochondrial fission is the fragmentation of mitochondria. Mitochondrial fission plays an important role in apoptosis (Bossy-Wetzel 2003) . Mitochondrial fission is activated by Drp1 and Fis1 molecules. Drp1 and Fis1 molecules are activated when mitochondrial ROS levels are increased. Decreased levels of Drp1 and Fis1 reduce apoptosis. Mitochondrial fusion is reduced following the induction of apoptosis, and the over-expression of mitofusins can reduce apoptosis.
The production of ROS is an important physiological by-product of the ETC chain. During the transfer of electrons to molecular oxygen, 0.4% to 5% of electrons in the respiratory chain lose their way and participate in the formation of superoxide radicals (O 2
•-) (Reddy 2006a; Vinogradov and Grivennikova 2005) . The O 2 •-generated from this loss of electrons ultimately activates the mitochondrial permeability transition pore and destroys the cell by apoptosis. The production of mitochondrial O 2
•-occurs primarily at discrete points in the ETC at complexes I and III, and in components of tricarboxylic acid, including aketoglutarate dehydrogenase (Fig. 1) . O 2
•-is also generated by the outer mitochondrial membrane (Reddy 2007) .
Several lines of evidence suggest that increased mitochondrial ROS is responsible for changes in mitochondrial morphology, including mitochondrial fission (Fig. 3): (1) Benard et al. (2007) found that when mammalian cells were treated with rotenone, mitochondrial ROS production increased in these cells and inhibited cellular ATP production, with these changes ultimately leading to mitochondrial fission and decay (Benard et al. 2007 ). (2) Yoon et al. (2006) studied mitochondrial fission and the high glucose-induced overproduction of ROS. The mitochondria underwent rapid fragmentation with a concomitant increase in ROS after exposure to high glucose concentrations, suggesting that the dynamic change of mitochondrial morphology in high-glucose conditions contributes to ROS overproduction and that mitochondrial fission and fusion may be previously unrecognized targets for the control of acute and chronic ROS production in hyperglycemia-associated disorders (Yoon et al. 2006) . (3) Barsoum et al. (2006) recently found that mitochondria undergo profound mitochondrial fission and apoptosis in neurodegenerative diseases (Barsoum et al. 2006 ). (4) Kim et al. (2007) found that SIRT1 is upregulated in mouse models of AD and ALS, and in primary neurons challenged with neurotoxic insults. In cell-based models of tauopathies and ALS, SIRT1 and resveratrol promoted neuronal survival. In the inducible p25 tau transgenic mice, resveratrol reduced neurodegeneration in the hippocampus, prevented learning impairment, and decreased the acetylation of the known SIRT1 substrates PGC-1a and p53. Furthermore, injection of SIRT1 lentivirus in the hippocampus of p25 transgenic mice conferred significant protection against neurodegeneration (Kim et al. 2007) . It is also possible that in late-onset neurodegenerative diseases, an increase in age-related ROS production may cause mitochondrial fragmentation, which may lead to mitochondrial dysfunction and neuronal cell death.
Aging and Mitochondrial Dysfunction
Mitochondrial dysfunction has been implicated in aging and age-related neurodegenerative diseases (Fig. 4) (Lin and Beal 2006; Reddy 2007; Swerdlow 2007a) . Germ-line DNA changes in mtDNA cause mitochondrial diseases (Copeland 2008; Howell et al. 2005; Reddy and Beal 2005) Fig. 2 The structure of human mitochondrial DNA. As shown, mitochondrial DNA is circular, and it has 2 strands--a guanine-rich outer strand and cytosine-rich inner strand. The mitochondrial DNA is encoded by 13 polypeptide chains, which encode all essential components of ETC. The mitochondrial DNA also encodes the 22 tRNAs (which are indicated as capital letters outside of outer mitochondrial strand), 12S and 16S rRNA. D-loop represents the control region of mitochondrial DNA. The somatic mtDNA mutations have also been reported to be elevated in Parkinson's disease Ozawa et al. 1990 ), Huntington's disease (Horton et al. 1995) , AD (Corral-Debrinski et al. 1994) , livers of alcoholics (Fromenty et al. 1995) , ovaries of post-menopausal women (Fromenty et al. 1995) , and reduced mobility sperm (Kao et al. 1995) ( Table 1 and Fig. 2 ). Somatic DNA changes may contribute to aging and age-related diseases, including cancer, diabetes, and neurodegenerative diseases (Reddy and Beal 2005; Wallace 2005a, b; Reddy 2007) . In aging, mitochondrial dysfunction is caused by an accumulation of mtDNA mutations and an increase in ROS production.
Mitochondrial ETC is responsible for the transfer of electrons from NADH or FADH to electron acceptors until the final transfer of electrons to oxygen leads to the production of H 2 O 2 . However, these biochemical events lead to 0.4-5% of electron leakage and, subsequently, leads to the production of ROS (Richter et al. 1988; Vinogradov and Grivennikova 2005) . mtDNA is localized close to the sites of ROS production and may be vulnerable to DNA damage. Oxidized guanosine levels are higher in mtDNA than in nuclear DNA. mtDNA mutations that reduce the accuracy of electron transfer may increase the production of ROS and decrease ATP production. An increase in the production of ROS may further damage mtDNA, and vice versa.
In studies of aging and mtDNA, researchers found that several tissues from aged individuals have lower mitochondrial function than those from younger individuals (Cooper et al. 1992) . Both mtDNA point mutations and deletions are highly prevalent in aged cells, and 8-hydroxy-2-deoxyguanosine appears to be highly prevalent in aged tissues (Kujoth et al. 2006) . To determine the role of mitochondrial mutations in aging, two research groups developed mouse lines containing a point mutation in the proofreading region of a DNA polymerase gene, the catalytic subunit of mtDNA polymerases (Trifunovic et al. 2004; Kujoth et al. 2005) . The mutant DNA polymerase-c exhibits normal DNA polymerase activity but lacks the exonuclease activity necessary for proofreading. Mice that carried homozygous mutations showed several folds of mtDNA point mutations in different tissues. These homozygous mutated mice had reduced lifespans and exhibited early onset of age-associated features, including weight loss, reduction in subcutaneous fat, hair loss, curvature of the spine, and osteoporosis, suggesting that mtDNA changes are critical in the aging process. From these aging studies, it appears that mitochondrially generated ROS (including H 2 O 2 and superoxide radicals) is a critical factor in aging (Trifunovic et al. 2004; Kujoth et al. 2005) . If mitochondrially generated ROS production can be controlled, it may be possible to delay aging (i.e., extend a healthy lifespan). Several aging transgenic mice studies revealed that mitochondrially targeted antioxidants play an important role in decreasing free radical production and oxidative damage and aging phenotypes Ran et al. 2004; Chen et al. 2004; Schriner et al. 2005) . Overall, these aging mice studies suggest that mtDNA mutations are critically involved in producing aging phenotypes, and further, mitochondrially generated free radicals are important factors in determining aging and longevity.
Alzheimer's Disease
AD is a late-onset mental illness that is characterized by the loss of memory and an impairment of multiple cognitive function (Hardy and Selkoe 2002; Mattson 2004; LaFerla et al. 2007; Reddy and Beal 2008) . It is estimated that by the year 2050, 50% of people worldwide (approximately 370 million people) who are 85 years of age or older will be afflicted with AD (Reddy and McWeeney 2006) . With such a large, aged population poised to be afflicted, AD has become a major health concern that must be reckoned with. Early detection, prevention, and therapeutic interventions are urgently needed for this devastating illness.
The pathological features of AD are the presence of extracellular protein deposits (Aß plaques) and intracellular neurofibrillary tangles, particularly in the brain regions related to learning, memory, and cognition (Selkoe 2001; Mattson 2004; Reddy and Beal 2008) . Recent biochemical and cellular studies of postmortem brains from AD patients and AD transgenic mice revealed that mitochondrial oxidative damage and synaptic dysfunction are the earliest cellular events in AD development and progression.
Mutations in amyloid precursor protein (APP), presenilin 1 (PS1), and presinilin 2 (PS2) have been identified as causal factors in a small protion of total AD cases, but for the vast majority of AD cases, causal factors still unknown. Apolipoprotein (a cholesterol regulator gene) with genotype 4 (ApoE4) (Saunders et al. 1993 ) and SOLR1 (neuronal sortilin-related receptor 1 gene) are reported to involve in late onset AD (Rogaeva et al. 2007 ). Early Fig. 3 Production of reactive oxygen species and mitochondrial fission. Several mitochondrial toxins, including Aß peptide, nitric oxide, and rotenone, induce the generation of mitochondrial reactive oxygen species (ROS). In addition, conditions such as hyperglycemia and aging may induce free radicals. The increased production of ROS activates fission molecules, including dynamin-related protein 1 (Drp1) and fission 1 (Fis1), which may lead to mitochondrial fission. Fis 1 protein is localized in the outer mitochondrial membrane, and Drp1 is localized mostly in the cytoplasm, and a fraction of Drp 1 is localized in outer mitochondrial membrane. Drp 1 punctates spots on mitochondria, and these punctate constriction spots lead to mitochondrial fission. The level of mitochondrial fission depends on the free radical production and the activity of Drp1 and Fis1 detection, prevention, and therapeutic interventions are urgently needed for AD.
Alzheimer's Disease and Mitochondrial Dysfunction
Molecular mechanisms that cause AD are still not clearly understood, particularly those mechanisms involved in early molecular changes in the disease process. Oxidative damage has been reported to be an early event in AD pathogenesis (Swerdlow and Khan 2004; Reddy and Beal 2005; Nunomura et al. 2006; Lin and Beal 2006; Reddy 2006a; Sultana et al. 2006; Ding et al. 2007 ). Oxidative damage is estimated to occur in the AD brain before the onset of Aß aggregates, tau pathologies, synaptic dysfunction, and inflammation of brain Manczak et al. 2004; Nunomura et al. 2006; Lin and Beal 2006) . Oxidative damage has been found in the brain, platelets, and fibroblast mitochondria of AD patients. Decreased levels of mitochondrial enzymes--including pyruvate dehydrogenase complex, a-ketoglutarate dehydrogenase complex, and cytochrome oxidase--have been reported (Parker et al. 1990; Gibson et al. 1998 ). Markers of oxidative damage have been found in lesions in both the brains of both AD patients (Smith et al. 1996; Bozner et al. 1997; Maurer et al. 2000; Manczak et al. 2004; Devi et al. 2006; Mohmmad Abdul et al. 2006 ) AD transgenic mice (Smith et al. 1998; Anandatheerthavarada et al. 2003; Reddy et al. 2004; Li et al. 2004; Manczak et al. 2006 ). These findings suggest that oxidative damage is an early, critical event in AD development and progression.
In the last decade, Swerdlow et al. have developed cybrids of mitochondria from sporadic AD patients and Fig. 4 Interaction of proteins in neurodegenerative diseases and mitochondria. The accumulation of mitochondrial DNA mutations may induce ROS production and cause oxidative damage in aged tissues. In AD, age-related production of ROS and decreased ATP levels may contribute to the production of Aß peptides. Aß peptides enter mitochondria, induce free radicals, decrease cytochrome oxidase activity, and inhibit ATP generation. In AD brains, APP is transported to outer mitochondrial membranes, blocks the import of nuclear cytochrome oxidase proteins to mitochondria, and may be responsible for decreased cytochrome oxidase activity. In AD neurons (from AD patients, AD transgenic mice, APP cells), Aß is found in the mitochondrial matrix and binds to ABAD, produces free radicals, and causes mitochondrial dysfunction. The N-terminal portion of ApoE4 is associated with mitochondria, induces free radicals, and causes oxidative damage. Gamma secretase complex proteins, such as presenilins, APH, and nicastrin, were found in the mitochondria and may contribute to Aß production and free radical generation. In HD neurons, mutant Htt binds to the outer mitochondrial membrane and induces free radical production. H 2 O 2 may also interrupt with calcium uptake. In PD neurons, mutant proteins of a-synuclein, parkin, PINK1, and DJ1 are associated with mitochondria and cause mitochondrial dysfunction. Complex I activity is inhibited in PD neurons. In ALS, mutant SOD1 is localized in the inner and outer mitochondrial membranes and matrix, and induces free radical production and oxidative damage. Impairment of complexes II and IV are associated with ALS. Frataxin (a gene product in Freidriech ataxia) is a mitochondrial protein responsible for heme biosynthesis and the formation of iron-sulfur clusters. In Freidriech ataxia, mutant frataxin facilitates the accumulation of iron in mitochondria and induces free radicals control subjects and studied mitochondrial function in those cybrids (Swerdlow et al. 1997; Trimmer et al. 2004; Khan et al. 2000) . These studies reported increased ROS production and decreased cytochrome oxidase activity in mitochondrial cybrids prepared from sporadic AD patients compared to cybrids from control subjects (Swerdlow et al. 1997) . Further, they also found increased mitochondrial abnormalities including mitochondrial swelling in AD cybrids compared to cybrids prepared from control subjects (Trimmer et al. 2004; Khan et al. 2000) . These findings further confirm the presence of mitochondrial dysfunction in AD, and also suggest that cybrids are good models to study the mitochondrial function in neurodegenerative diseases.
Recent cellular, biochemical, and animal-model studies revealed that mutant proteins of AD, including presenilins, APP, Aß, and ApoE4, are associated with mitochondria and cause oxidative damage and mitochondrial dysfunction in AD (Fig. 4) (Lustbader et al. 2004; Crouch et al. 2005; Caspersen et al. 2005; Manczak et al. 2006; Devi et al. 2006; Schmidt et al. 2007; Ankarcrona and Hultenby 2002; Hansson et al. 2004; Behbahani et al. 2006; Chang et al. 2005) .
Amyloid Beta Induced Mitochondrial Dysfunction
Ever since the Aß peptide was discovered in the brain, substantial research has focused on understanding Aß toxicity in brain samples from patients with AD. The 4 kDa Aß peptide, a cleaved product of APP, cleaves via sequential proteolysis of aspartyl beta secretase and presenilin-dependent c secretase. APP is synthesized in the cell bodies of neurons and is anterogradely transported to nerve terminals via axons in the neurons. Several studies have recently found Aß in mitochondrial membranes, supporting the hypothesis that Aß enters mitochondria (Fig. 4) (Crouch et al. 2005; Caspersen et al. 2005; Manczak et al. 2006; Devi et al. 2006) . Further, a timecourse investigation of Aß and free radical production revealed that H 2 O 2 production significantly correlates with soluble Aß but not insoluble Aß, suggesting that in AD progression, soluble Aß enters mitochondria and induces free radicals (Manczak et al. 2006) . Further, Lustbader et al. (2004) recently demonstrated a direct link between Aß and the mitochondrial matrix protein Aß binding alcohol dehydrogenase in APP transgenic mice (Lustbader et al. 2004) . In additional studies of neurons from these APP mice, the neurons showed increased free radicals, decreased mitochondrial complex IV activity, and decreased ATP levels (Takuma et al. 2005; Manczak et al. 2006) . Collectively, these studies suggest that Aß enters mitochondria and interacts with mitochondrial proteins, disrupts the ETC, and generates ROS, and that free radicals derived from molecular oxygen in the mitochondria inhibit the generation of cellular ATP (Reddy and Beal 2008) .
Presenilins Induced Mitochondrial Dysfunction
It is well documented that presenilins play a major role in mitochondrial dysfunction and calcium homeostasis in AD (Guo et al. 1997 (Guo et al. , 1999 Keller et al. 1998; Chan et al. 2002; Tamagno et al. 2008; Mattson 2007) . Several recent studies of presenilins and mitochondria found that presenilins and other c-secretase complex proteins are localized to mitochondria (Fig. 4) (Ankarcrona and Hultenby 2002; Hansson 2004 ). Further, presenilins have been found to be part of a complex that involves FKBP38 and the antiapoptotic protein Bcl2 (Wang et al. 2005a, b) . FKBP38 is a regulator of Bcl2, localizes to mitochondria, and inhibits apoptosis by targeting Bcl2 to the mitochondrial membranes (Shirane and Nakayama 2003) . Presenilins promote apoptosis by degrading FKBP38 and Bcl2 proteins in the endoplasmic reticulum and Golgi.
Recently, Behbahani et al. (2006) investigated the impact of presinilins and c-secretase on mitochondrial function using mouse embryonic fibroblasts derived from wild-type, PS1-/-, PS2-/-, and PS double knock-out embryos. Measurements of mitochondrial membrane potential (DeltaPsim) showed a higher percentage of fully functional mitochondria in PS1-/-and PSwt compared to the percentage in PS2-/-and PSKO cells. This finding was evident in investigations of whole cell preparations and isolated mitochondria. Interestingly, pre-treatment of isolated mitochondria with the c-secretase inhibitor L-685,458 resulted in a decreased population of mitochondria with a high percentage of DeltaPsim in PSwt and PS1-/-cells, indicating that PS2/c-secretase activity can modify DeltaPsim. PS2-/-cells showed a significantly lower basal respiratory rate as compared to other cell lines. These findings point toward a specific role for PS2/c-secretase in the proper functioning of mitochondria and indicate an interplay between PS1 and PS2 in mitochondrial functionality (Behbahani et al. 2006 ).
Tau and Mitochondrial Dysfunction
It has been proposed that Aß aggregates and hyperphosphorylated tau may block the transport of cell organelles, including mitochondria, to nerve terminals and synapses (where ATP demands are high) (Reddy and Beal 2005) . Several lines of evidence support this hypothesis: (1) Cell biology and biochemical experiments using various neuronal and non-neuronal cells expressing mutant tau showed that tau is capable of reducing net anterograde transport of vesicles and cell organelles by blocking the microtubule tracks. Thus, a misregulation of tau could cause the starvation of synapses and enhanced oxidative stress, long before tau detaches from microtubules and aggregates into AD neurofibrillary tangles. Furthermore, mitochondrial trafficking (or movement) decreased, and severe ATP depletion was observed in the nerve terminals and synapses (Mandelkow et al. 2004; Thies and Mandelkow 2007) . A recent study revealed that tau-induced synaptic decay could be relieved by the activation of the kinase MARK2 (microtubule-associated protein/microtubule affinity regulating kinase 2)/Par-1 (protease-activated receptor 1), which remove tau from the microtubule tracks and reverse the transport block leads to the rescue of dendritic spines, synapses, mitochondrial transport, and ATP levels, suggesting that tau is involved in the decrease of mitochondrial ATP at dendritic spines and synapses (Thies and Mandelkow 2007) . (2) Stamer et al. (2002) studied the effect of tau protein on trafficking of vesicles and organelles in primary cortical neurons, retinal ganglion cells, and neuroblastoma cells. They found that tau inhibits the kinesin-dependent transport of peroxisomes, neurofilaments, and Golgiderived vesicles into neurites, and that the loss of peroxisomes makes cells vulnerable to oxidative stress and leads to degeneration. In particular, they found that tau inhibits the transport of APP into axons and dendrites, causing impaired axonal transport (Stamer et al. 2002) . (3) In another study, Perry et al. (1999) demonstrated that in AD, activated extracellular receptor kinase increases in the same vulnerable neurons that are the sites of oxidative damage and abnormal phosphorylation. These findings suggest that the dysregulation of extracellular receptor kinase, likely resulting from oxidative stress, could play an important role in the increased phosphorylation of cytoskeletal proteins observed in AD (Perry et al. 1999 ).
ApoE4 and Mitochondrial Dysfunction
Increasing evidence suggests that the ApoE4 genotype is involved in mitochondrial oxidative damage in AD patients (Fig. 4). (1) Recently, Devi et al. (2006) found that nonglycosylated, full-length, C-terminal-truncated APP accumulates exclusively in the protein import channels of mitochondria of human AD brains but not in those channels, in age-matched controls. The accumulation of APP across mitochondrial import channels, which varied with the severity of AD, inhibited the entry of nuclear-encoded cytochrome c oxidase subunits IV and Vb proteins. This inhibition was associated with decreased cytochrome c oxidase activity and increased levels of H 2 O 2. Analysis of the apolipoprotein genotype revealed that brain specimens from AD subjects with the E3/E4 alleles had the highest content of mitochondrial APP and that this mitochondrial APP directly correlated with mitochondrial dysfunction.
(2) To determine the relationship between ApoE4 and mitochondrial association, Chang et al. (2005) expressed ApoE4 with C-or N-terminal truncations or mutations in transfected Neuro-2a cells. They found that the N-terminal of ApoE4 (amino acids 1-272) was neurotoxic, but the fulllength ApoE4 (1-299) and ApoE4 (1-240) were not, suggesting that the lipid-binding region (241-272) mediates neurotoxicity. Immunofluorescence staining showed that ApoE4 (1-272) formed filamentous inclusions containing phosphorylated tau in some cells and interacted with mitochondria in others, leading to mitochondrial dysfunction, as determined by MitoTracker staining and flow cytometry. Thus, the lipid-and receptor-binding regions in ApoE4 fragments acted together and caused mitochondrial dysfunction and neurotoxicity, which may be important in AD pathogenesis (Chang et al. 2005 ).
Parkinson's Disease
PD is a degenerative disorder, characterized by muscle rigidity, tremor, a slowing of physical movement, and in extreme cases, a loss of physical movement. The morphological and pathological changes of PD are the loss of dopaminergic neurons in the pars compacta region of the substantia nigra and the presence of cytoplasmic inclusions, or Lewy bodies, containing a-synuclein (Gandhi and wood 2005; Abeliovich and Beal 2006; Martin 2006; Thomas and Beal 2007) . PD is both chronic and progressive. It is now well established that both genetic and environmental toxins are involved in the development of PD.
In the last decade, genetic discoveries in PD revealed that DNA mutations are linked to PD: a-synuclein (autosomal-dominant form of PD) (Polymeropoulos et al. 1997) , Parkin (autosomal recessive juvenile form of PD) (Kitada et al. 1998) , DJ1 (an autosomal-recessive, early-onset form of PD) (Bonifati et al. 2003) , PTEN-induced kinase 1 (autosomal recessive form of PD) (Valente et al. 2004) , OMI/HTRA2 (Strauss et al. 2005) , leucine rich repeat kinase (LRRK2) (late-onset, autosomal-dominant form of PD) (Zimprich et al. 2004) , and ubiquitin carboxy-terminal esterase L1 (Leroy et al. 1998) .
The exposure of the environmental toxin, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), to humans results in permanent parkinsonian syndrome (Langston et al. 1983) . Thus, MPTP is used as a model for PD as it can rapidly induce parkinsonian symptoms in human beings and other animals of any age. Other toxin-based models employ PCBs, paraquat (a herbicide) in combination with maneb (a fungicide) and rotenone (an insecticide), and specific organochlorine pesticides, including dieldrin and lindane. MPTP administered to laboratory animals was found to destroy the substantia nigra and to induce the formation of Lewy bodies in aged chimpanzees. Other studies found that MPTP is converted into the active neurotoxic metabolite N-mentyl-4-phenylpyridinium ion and accumulates via a dopamine transporter into dopamergic neurons where N-mentyl-4-phenylpyridinium inhibits complex I. The chronic administration of rotenone (ETC complex I inhibitor) also produced an animal model that reproduces the loss of dopaminergic nigral neurons, parkinsonism phenotype, and a-synuclein inclusions that have been seen in human PD.
PD and Mitochondrial Dysfunction
Mutations in mtDNA are known to cause PD. A point mutation in the mitochondrial 12SrRNA has been found in PD family, and the G11778A mutation in the complex I gene (ND4) has been found in a PD family associated with Leber's optic neuropathy (Simon et al. 1999) . Mutations in nuclear-encoded mtDNA polymerase-c gene impair mtDNA replication and result in multiple mtDNA deletions, typically causing chronic, progressive external opthalmoplegia and myopathy. In those diseases, polymerase-c gene mutations co-segregate with parkinsonism.
The inhibition of complex 1, which is found in a PD patients (Gandhi and Wood 2005; Thomas and Beal 2007) , induces the generation of free radicals that cause oxidative stress and depletion of ATP (Fig. 3) (Gandhi and Wood 2005) . Elevated levels of lipid peroxidation markers (4-hydroxynonenal and malondialdehyde) and protein nitration have been found in the substantia nigra and Lewy bodies (Andersen 2004) . Reduced levels of glutathione and oxidized glutathione, which act as antioxidants, are the earliest markers of nigral cell loss in the PD brain (Sian et al. 1994 ). Furthermore, a reduction of complex 1 activity by 30% has been founded in brain, muscle, and platelets of idiopathic PD patients (Schapira et al. 1990; Parker et al. 1989) . Support for a primary role of oxidative stress in PD progression has emerged from the study of rare familial forms of PD.
A variety of missense, truncating, splice site, and deletion mutations have been identified in the gene DJ-1 (Bonifati et al. 2003) , which causes the autosomal recessive form of parkinsonism. The precise function of DJ-1 is unclear, but the over-expression of DJ-1 appears to protect cells against mitochondrial complex 1 inhibitors and oxidative damage induced by H 2 O 2 . This effect appears to be abrogated by DJ-1 mutations (Canet-Avilés et al. 2004) or by DJ-1 knockdown using siRNA (Taira et al. 2004 ). DJ-1 may act directly as an antioxidant because it can be oxidized at the cysteine residue C106. Moreover, it has been demonstrated that endogenous DJ-1 is localized to the mitochondrial matrix and the mitochondrial intermembrane space, in addition to its cytoplasmic pool . Interestingly, a quantitative proteomic study of the substantia nigra of mice treated with MPTP revealed a significant increase in the protein DJ-1 in mitochondrial fraction of the substantia nigra (Jin et al. 2005) . Together, this evidence suggests that DJ-1 may play an important role in neuroprotection against oxidative damage caused by mitochondrial toxins (Fig. 4) .
Missense and truncating mutations of the PINK1 gene were found to cause autosomal recessive PD. Further analysis of the PINK1 protein revealed that PINK 1 has a highly conserved kinase domain and a mitochondrial-targeting motif. The presence of the N-terminal mitochondrial-targeting domain, combined with transfected cells, is interesting (Beilina et al. 2005 ). As with the other genes that cause autosomal recessive parkinsonism, PINK1 has been suggested to have neuroprotective properties against a variety of cellular stresses, a function that is lost by the mutation G309D, which has been identified in certain PD families (Valente et al. 2004 ). These studies suggest that mitochondria may play a large role in PD.
Alpha Synuclein, PD, and Mitochondrial Dysfunction
Alpha synuclein is a presynaptic protein and mainly expressed in neocortex, hippocampus, substantia nigra, thalamus, and cerebellum. It is also found in glial cells. Genetic mutations in a-synuclein were found in rare forms of familial PD (Polymeropoulos et al. 1997 ). Overexpression or gene duplication of wild-type a-synuclein may produce Lewy body pathology and PD phenotype.
Recently, Devi et al. (2008) investigated the connection between a-synuclein and mitochondrial interaction. They found that 32 amino acids of N-terminal human a-synuclein contain cryptic mitochondrial targeting signal, and it is important for targeting of a-synuclein into mitochondria. Mitochondrial imported a-synuclein is mainly associated with the inner mitochondrial membrane. Mitochondrial wild-type a-synuclein caused reduced mitochondrial complex I activity and increased production of ROS in dopaminergic neurons. Further, these changes occurred at an early on in dopaminergic neurons expressing familial a-synuclein A53T mutation. Mitochondria of PD-affected regions including substantia nigra and striatum but not the cerebellum from PD subjects showed significant accumulation of a-synuclein and decreased complex I activity. Analysis of mitochondria from PD brain and a-synuclein expressing dopaminergic neuronal cultures using blue native gel electrophoresis and immunocapture technique showed the association of a-synuclein with complex I proteins. Based on these findings, Devi et al. concluded that mitochondrial a-synuclein may interact with ETC complex I proteins and impair mitochondrial function (Devi et al. 2008 ).
Leucine-rich Repeat Kinase 2 (LRRK2), PD, and Mitochondrial Dysfunction
Recently, genetic mutations have been found in LRRK2 gene, and have been identified as the cause of the lateonset, autosomal-dominant Park8 type of PD (Farrer et al. 2005; Nichols et al. 2005) . A small proportion (1-2%) of sporadic PD patients are also associated with genetic mutations in LRRK2 gene (Gilks et al. 2005) .
LRRK2 is expressed in the striatum and frontal cortex, whereas the dopamine neurons themselves are devoid of LRRK2 messenger RNA (Galter et al. 2006) . LRRK2 seems to play a role in synaptic vesicle functions, including neurite outgrowth. LRRK2 resides diffusely throughout the cytoplasm, and also associates with the mitochondrial outer membrane (West et al. 2005) . DNA sequence analysis indicates that LRRK2 comprises several domains, including a leucine-rich repeat domain, a guanosine triphosphatase domain Ras of complex proteins, C-terminal of Roc domain, a MLK-like domain, and a C-terminal WD40 domain (Paisan-Ruiz et al. 2004; Zimprich et al. 2004 ). The kinase activity may be the link between LRRK2 and its role in PD pathogenesis, and disease-causing mutations in LRRK2 gene affects cell viability due to mitochondriadependent cell death (Thomas and Beal 2007 ).
Huntington's Disease
HD is an autosomal, dominantly inherited disorder characterized phenotypically by chorea, involuntary movements, dystonia, intellectual impairment, and emotional disturbances (Vonsattel et al. 1985; Folstein 1990; Bates 2005) . HD is prevalent in persons of Caucasian origin, occurring in 4-10 per 100,000 Caucasians. Knowledge of the neuropathological events that lead to HD may provide insights into the disease mechanisms of other CAG repeat disorders.
HD is caused by a genetic mutation that results in an expanded polyglutamine encoding repeat (CAG)n, within exon 1 of the HD gene. In persons affected with HD, the number of CAG repeats ranges from 37-121 whereas in unaffected persons, it ranges from only 6-35 . Huntingtin (Htt), the product of HD gene, is a 350 kDa protein, ubiquitously expressed and primarily localized in the cytoplasm of neurons (Reddy et al. 1998; Bates 2005) . However, a portion of N-terminally extended polyglutamine Htt is translocated into the cell nucleus. Both mutant and normal Htt are expressed ubiquitously. However, the selective and premature death of striatal projection neurons has been reported in HD patients and HD transgenic mice (Vonsattel et al. 1985; Folstein 1990; Reddy et al. 1998; Hodgson et al. 1999; Schilling et al. 1999; Van Raamsdonk et al. 2007 ). Causes of this selective neuronal loss in HD are still not clearly understood. Further, how the mutant Htt causes the progression of HD is still unclear. To explain the causes of disease progression in HD, several mechanisms have been proposed, including axonal trafficking, protein-protein interaction, transcriptional dysregulation, and mitochondrial oxidative damage (Browne and Beal 2004; Browne and Beal 2006; Li and Li 2006; Trushina et al. 2004; Trushina and McMurray 2007; Orr et al. 2008 ).
HD and Mitochondrial Dysfunction
HD patients showed significant weight loss, suggesting that bio-energetic defects might be implicated in HD pathogenesis (Trushina and McMurray 2007) . Further, imaging the basal ganglia of HD patients with positron emission tomography revealed a marked reduction in glucose metabolism. In addition, biochemical studies of mitochondria in striatal neurons from late-stage HD patients revealed reduced activity of several components of OX-PHOS, including complexes II, III, and IV of the ETC (Fig. 4) (Browne et al. 1997; Tabrizin et al. 1999; Browne and Beal 2004; Fukui and Moraes 2007) .
Recent studies of HD knock-in striatal cells and lymphoblasts from HD patients revealed that expanded CAG repeats are associated with low mitochondrial ATP and decreased mitochondrial ADP-uptake, suggesting that HD mutation is associated with mitochondrial defects (Seong et al. 2005) . Biochemical studies of HD mice and HD cell lines revealed that calcium-induced mitochondrial permeability is a major factor in HD pathogenesis (Panov et al. 2002 (Panov et al. , 2005 . Further, recent mitochondrial trafficking studies of HD neurons revealed that mutant Htt aggregates impair mitochondrial movement in HD cortical neurons .
It has been proposed that the abnormal transcriptional regulation of nuclear-encoded mitochondrial genes may be involved in HD pathogenesis. Indeed, mutant Htt binds to several key transcription factors-including TATA binding proteins (Huang et al. 1998; Perez et al. 1998 ), Sp1 (Shimohata et al. 2000) , and nuclear scaffold protein NAKAP (Sayer et al. 2005) . This mutant Htt interaction may interfere with the gene expression, activity. and transcriptional regulation of HD neurons. This possibility is supported by recent studies of PGC1a (potent suppressor of ROS) in HD (Cui et al. 2006; St-Pierre et al. 2006; Weydt et al. 2006) . PGC1a was found to be decreased in HD postmortem brains, in cell lines expressing mutant Htt, and in HD mouse models, suggesting that the mutant Htt promotes the increased production of ROS; this increase in ROS may interact with the mitochondrial outer membrane, ultimately leading to decreased levels of PGC1a in mutant HD neurons (Cui et al. 2006; St-Pierre et al. 2006; Weydt et al. 2006) . These PGC1a studies also suggest that molecules that activate PGC1a may be a therapeutic strategy not only for HD but also for other neurodegenerative diseases including AD, PD, and ALS.
Mutant Htt Association with Mitochondria: Recently Orr et al. (2008) demonstrated that specific N-terminal mutant Htt fragments associate with mitochondria in Hdh(CAG)150 knock-in mouse brain and that this association increases with age. The interaction between soluble N-terminal mutant Htt and mitochondria interferes with the in vitro association of microtubule-based transport proteins with mitochondria. Mutant Htt reduces the distribution and transport rate of mitochondria in the processes of cultured neuronal cells. Reduced ATP level was also found in the synaptosomal fraction isolated from Hdh(CAG)150 knock-in mouse brain. These findings suggest that specific N-terminal mutant Htt fragments, before the formation of aggregates, can impair mitochondrial function directly and that this interaction may be a novel target for therapeutic strategies in HD (Orr et al. 2008) .
Amyotrophic Lateral Sclerosis
ALS is a progressive, invariably fatal neurological disease that attacks the neurons responsible for controlling voluntary muscles. In ALS, the upper and lower motor neurons degenerate or die, thus silencing the messages they send to muscles. Unable to function, the muscles gradually weaken, waste away, and twitch. Eventually the brain loses its ability to control voluntary movement (Martin 2006; Hervias et al. 2006) . Individuals with ALS lose their strength and the ability to move their arms, legs, and body. ALS has an incidence of 1-2 in a population of 100,000, with fairly uniform distribution worldwide and equal representation among racial groups (Boillee et al. 2006) . The incidence of ALS is greatest in persons aged 50-70 years. The male:female ratio is approximately 1.5:1. Genetic studies have identified several missense mutations in the gene encoding Cu/Zn superoxide dismutase (SOD1) on the long arm of chromosome 21, in approximately one-fifth of autosomal-dominant cases of ALS. The genetic causes of ALS are known for only about 10% of total ALS cases, and mutations in gene encoding SOD1 are known to cause only a small protion of familial ALS cases (Hervias et al. 2006; Kwong et al. 2006) . Causal factors are still unknown for the vast majority of cases. Cytoplasmic SOD1 protein aggregates have been observed in both sporadic and familial ALS cases, as well as in mutant SOD1 transgenic mice (Bruijn et al. 1998; Gurney et al. 1994; Watanabe et al. 2001; Wong et al. 1995) . SOD1 protein has been used to define accumulations of detergent-insoluble forms of SOD1 that were detected by immunoblotting of filter-trappable material . The detergent-insoluble forms were detectable only in the affected tissues of mutant SOD1 mice and were most prominent at symptomatic stages of disease progression . The most misfolded, unstable SOD1 mutants were the most prone to aggregation.
ALS and Mitochondrial Dysfunction
A common feature of many neurodegenerative diseases is damage to mitochondria that contributes to the degenerative phenotype. Mitochondria have been implicated as a target of toxicity in ALS by histopathological observations of vacuolated and dilated mitochondria with disorganized cristae and membranes in the motor neurons of ALS patients (Afifi et al. 1966; Hirano et al. 1984) . Mitochondrial defects have been reported in spinal cords and muscle biopsies of ALS patients, with such defects ranging from impaired mitochondrial respiration to increased levels of uncoupling proteins (Chung and Suh 2002; Dupuis et al. 2003) .
Mitochondrial abnormalities have been observed in the motor neurons of mice that developed ALS from an accumulation of dismutase active mutants (Wong et al. 1995) and in hSOD1G93A mice (Higgins et al. 2003) prior to any detectable motor neuron loss or other observable damage (Higgins et al. 2003; Wong et al. 1995) . A proportion of the predominantly cytosolic SOD1 localizes to mitochondria in certain contexts, in brain samples from ALS rodent models and samples from ALS patients. In these samples, mutant SOD1 was present in fractions enriched with mitochondria that were derived from affected tissues, but not from unaffected tissues (Bergemalm et al. 2006; Deng et al. 2006; Liu et al. 2004; Vijayvergiya et al. 2005) . Mitochondrial localization of SOD1 has been confirmed by electron microscopy in both isolated mitochondria (Liu et al. 2004 ) and motor neurons in situ (Sasaki et al. 2004) . SOD1 mutants that cause disease at the lowest accumulated levels (hSOD1G85R and hSOD1G127X) have the highest relative proportions that are mitochondrially associated (Liu et al. 2004) . Mutant SOD1 has been reported in the intermembrane space of mitochondria and in the matrix, as well as in the inner and outer membranes of mitochondria in the spinal cord and brain (Fig. 4) (Bergemalm et al. 2006; Deng et al. 2006; Liu et al. 2004; Pasinelli et al. 2004; Vijayvergiya et al. 2005) .
Friedreich Ataxia
FRDA is an autosomal, recessively inherited degenerative disorder, characterized by progressive gait and limb ataxia, axonal sensory neuropathy, loss of deep tendon reflexes, spasticity, and extensor plantar responses. FRDA is the most common inherited ataxia and is prevalent in 1 of 50,000 individuals. Pathologically, FRDA involves the spinocerebellar tracts, dorsal columns, and pyramidal tracts, and, to a lesser extent, the cerebellum and medulla. Over 90% of FRDA patients are homozygous for an expansion of a GAA repeat in the first intron of the FRDA gene (Campuzano et al. 1996) . Researchers have also identified a small number of FRDA patients heterozygous for the GAA repeat expansion and point mutations within the gene. Frataxin, a gene product of FRDA, is a highly conserved, mitochondrial protein involved in heme synthesis, the formation of iron-sulfur clusters, and the detoxification of iron (Fig. 4 ). Molecular and cell biology studies in yeast and mice have shown that frataxin defects lead to the accumulation of iron in mitochondria and a decrease in iron-sulfur containing enzymes, such as aconitase and complex I-III of the ETC (Fig. 4) (Wilson 2006) . This abnormal accumulation of iron in the mitochondria may induce free radical production, oxidative damage, and subsequent cell death. The role of oxidative damage in FRDA is supported by studies of FRDA patients in which the antioxidant idebenone was found to reduce myocardial hypertrophy and to decrease markers of oxidative stress (Hausse et al. 2002; Schultz et al. 2000) .
Why We Need Mitochondrial Medicine for Aging and Neurodegenerative Diseases
As discussed above, mitochondrial dysfunction has been implicated as a common event in aging and such neurodegenerative diseases as PD, AD, HD, ALS, and FRDA. If Fig. 5 Strategies of neuronal protection in aging and neurodegenerative diseases. 1. A generic mitochondrially targeted antioxidant is shown constructed by the covalent attachment of an antioxidant molecule to the lipophilic triphenylphosphonium cation. Antioxidant molecules accumulate 5-10 fold in the cytoplasm, which is driven by plasma membrane potential, and then further accumulates 100-500 fold in the mitochondria. Mitochondrial antioxidants rapidly neutralize free radicals and reduce mitochondrial toxicity. 2. Glutathione is synthesized in the cytoplasm and transported to mitochondria. N-acetyl-L-cysteine provides s cysteine for glutathione synthase.
Choline esters of glutathione and N-acetyl-L-cysteine have been used to increase mitochondrial glutathione and N-acetyl-L-cysteine. Increased glutathione can rapidly neutralize free radicals and protect mitochondria from oxidative insults. 3. SS peptides are cell-permeable, mitochondrially targeted antioxidants that are reported to protect mitochondria from oxidative damage. These SS peptides have a sequence motif that allows them to target mitochondria several hundred fold more than natural antioxidants. Once SS peptides reach mitochondria, the SS peptides rapidly neutralize free radicals and decrease mitochondrial toxicity mitochondrial dysfunction proves to be significant in aging and these age-related neurodegenerative diseases, it may be possible to treat aging and age-related neurodegenerative diseases by developing molecules that treat mitochondria. These strategies would necessarily be based on targeting ROS in mitochondria (Fig. 5) .
Drug Targets of ROS Production
The use of antioxidants to prevent and treat mitochondria in patients with neurodegenerative diseases has received much attention. Some epidemiologic studies suggest that an increased intake of standard antioxidant vitamins (e.g., vitamin E, vitamin C, and beta carotene) might reduce the risk of developing AD or PD, while other studies do not (Reddy 2007) . Antioxidant approaches of treating agerelated neurodegenerative diseases are promising and seems to have no adverse effects. However, currently available antioxidant approaches may not be effective for treating neurodegenerative diseases because: (1) naturally occurring antioxidants, such as vitamins E and C, may not likely cross the blood-brain barrier and so could not reach the relevant sites of free radical generation, especially if mitochondria are the primary source of ROS (Szeto 2008) , (2) researchers have been unable to increase sufficient levels of antioxidants in mitochondria in patients with neurodegenerative diseases such as AD and PD, and (3) antioxidants may not have been administered to patients at early stages of disease development. To overcome these problems and to better assess whether antioxidant approaches may be valuable therapeutic treatments for neurodegenerative diseases, better delivery of antioxidants to the brain mitochondria of patients with neurodegenerative diseases is needed.
In the last decade, considerable progress has been made in developing mitochondrially targeted antioxidants. To increase the delivery of antioxidants into mitochondria, 3 types of mitochondrially targeted antioxidants have been developed: 1. triphenylphosphonium-based antioxidants--MitoQ, MitoVitE, MitoPBN, 2. the cellpermeable, small peptide-based antioxidants SS-02, SS-31, SS-19, and SS-20, and 3. choline esters of glutathione and N-acetyl-l-cysteine (Fig. 5) (Szeto 2006a; Reddy 2006b; Sheu et al. 2006; Murphy and Smith 2007) . However, application of these mitochondrially targeted drugs to animal models of neurodegenerative diseases is still at primitive stages.
Triphenylphosphonium Cation Based Antioxidants
Recently, Murphy et al. developed a series of triphenylphosphonium cation based antioxidants . The liphophilic triphenylphosphonium cation is attached to antioxidants such as vitamin E, coenzyme Q, and these triphenylphosphonium cation attached antioxidants were preferentially taken up by mitochondria due to charge difference between mitochondria (with high negative charge) and liphophilic triphenylphosphonium cation based antioxidants (with high positive charge) (Fig. 5) . These antioxidants initially accumulate in the cytoplasm of cells due to a negative plasma membrane potential and subsequently enter mitochondria and accumulate several hundred folds within the mitochondrial matrix.
MitoQ
MitoQ is a strong therapeutic antioxidant that has been successfully targeted to mitochondria. MitoQ consists of 2 redox forms of mitochondrially targeted ubiquinone derivatives: reduced mitoquinol and oxidized mitoquinone . MitoQ is a respiratory chain component buried within the lipid core of the inner membrane of mitochondria where it accepts 2 electrons from complexes I and II, to form the reduction-product ubiquinol, which donates electrons to complex III (Reddy 2006a) . The ubiquinone pool exists in vivo largely in a reduced ubiquinol form, acting as an antioxidant and a mobile electron transfer. Ubiquinol has been reported to function as an antioxidant by donating a hydrogen atom from one of its hydroxyl groups to a lipid peroxyl radical, thereby decreasing lipid peroxidation within the mitochondrial inner membrane. The semi-ubiquinone radical formed during this process may then disproportionate into ubiquinone and ubiquinol. The respiratory chain may subsequently recycle ubiquinone back to ubiquinol, restoring the antioxidant function. MitoQ may excessively accumulate in the mitochondria and convert H 2 O 2 to H 2 O and O 2 , and reduce toxic insults from free radicals in the mitochondria. This reduction may ultimately lead to the protection of neurons from age-related and AD-related mitochondrial insults. However, higher concentrations (above 0.3 lM) of MitoQ are toxic to neuronal cells (Reddy, unpublished observations) . Optimization of MitoQ dosage is critical for treatment of cell and animal models of human mitochondrial diseases (Cocheme, et al. 2007) .
In a preliminary investigation of N2a cells treated with MitoQ (at 0.3 lM concentration), we found increased neurite outgrowth in N2a cells grown in serum-free media, suggesting that MitoQ may have a role in neuroprotection and synaptic connectivity (Figs. 6, 7) . MitoQ is in the early stages of being administered in animal models of mitochondrial diseases . Using MitoQ, phase II clinical trial in PD patients has been completed and data yet to be reported.
MitoVitE
MitoVitE is an antioxidant that consists of [2-3,4dihydro-6-hydroxy-2,5,7,8tetra-methyl-2H-1-benzopyran-2-yl] and triphenylphosphonium bromide (TPPB) (Reddy 2007) . MitoVitE, a derivative of vitamin E, was developed to study the mitochondrial toxicity and cell protection. Similar to MitoQ, MitoVitE is rapidly taken up by mitochondria. Accumulation ratios of 5000-6000 units have been achieved after incubating mitochondria with 1-20 lM MitoVitE (Smith et al. 1999) .
Several lines of evidence suggest that MitoVitE in cytoprotective (Jauslin et al. 2003; Dhanasekaran et al. 2004; Siler-Marsiglio et al. 2005) . MitoVitE was found to reduce H 2 O 2 -induced caspase activity and to prevent oxidative stress-induced cell death in cultured fibroblasts from FDRA patients (Jauslin et al. 2003) . Jauslin et al. (2003) also found that MitoVit E was 350-fold more potent than the water soluble analog, Trolox, and prevents cell death that arises in response to endogenous oxidative damage in cultured fibroblasts from FRDA patients (Jauslin et al. 2003) . Dhanasekaran et al. (2004) found that at a 1 lM concentration, MitoVitE was found to inhibit cytochrome c release and caspase-3 activation, to inactivate complex 1, and to restore mitochondrial membrane potential and proteosomal activity in bovine aortic epithelial cells (Dhanasekaran et al. 2004) .
In a recent study, Siler-Marsiglio et al. (2005) found that at 1 nM concentration, MitoVit E renders significant neuroprotection against ethanol concentrations as high as 1600 mg/dL in cerebellar granule cells. MitoVit E mitigates ethanol-induced accumulation of intracellular oxidants and maintains the glutathione peroxidase/glutathione reductase functions, protein expression of gammaglutamylcysteine synthetase, and total cellular glutathione levels. Overall, MitoVit E ameliorates ethanol toxicity through non-oxidant mechanisms-modulations of endogenous cellular proteins-and antioxidant means (SilerMarsiglio et al. 2005) . Further research is required to explore MitoVitE applications to elderly humans and humans with neurodegenerative diseases.
MitoPBN
MitoPBN is an antioxidant consisting of [4-[4 (1,1-dimethylethyl) oxidoimino]--methyl]phenoxy]butyl] and triphenylphosphonium bromide. The PBN is reported to protect against mitochondrial toxicity in animal models of ischemia, endotoxin shock, and experimental models of neurodegenerative diseases (Kotake 1999) . The spin trap of PBN was chosen because of its high reactivity with carboncentered radicals, whereas its reactivity with superoxide and peroxyl radicals is low, and it does not prevent lipid peroxidation by a chain-breaking antioxidant mechanism . MitoPBN is accumulated within mitochondria and there reacts preferentially with carboncentered radicals but not with superoxide. A carbon-centered radical generator stimulates uncoupling proteins, and this activation is also blocked by MitoPBN. These data suggest that superoxide and lipid peroxidation products are the components of a single oxidative damage pathway that activates uncoupling proteins .
A mitochondrially targeted analog of MitoPBN was prepared to determine the effect of ROS and mitochondrial function in mitochondria, based on a selective a-phenyl-Ntert-butyl nitrone reaction with carbon-centered radicals. Similar to MitoQ and MitoVitE, MitoPBN was rapidly taken up by mitochondria, with a resulting concentration ranging from 2.2 to 4.0 mM. It has been reported that MitoPBN blocks the O-induced activation of uncoupled proteins (Reddy 2007) .
Cell Permeable, Small Peptide Antioxidants (SS Peptides) Recently, Szeto and Schiller developed a series of 4 small, cell-permeable, mitochondrially targeted antioxidant peptides (Szeto-Schiller or SS peptides) that are known to protect mitochondria from oxidative damage: (1) SS-01 H-Tyr-D-Arg-Phe-Lys-NH2, (2) SS-02 H-Dmt-D-ArgPhe-Lys-NH2, (3) SS-31 H-D-Arg-Dmt-Lys-Phe-NH2, and (4) SS-20 H-Phe-D-Arg-Phe-Lys-NH2 (Szeto et al. 2001; Szeto 2006a, b; Szeto 2008) . The structural motif of these SS peptides centers on alternating aromatic residues and basic amino acids (aromatic-cationic peptides). These SS peptides have a sequence motif that allows them to target mitochondria. They scavenge H 2 O 2 and ONOO-, and inhibit lipid peroxidation. Their antioxidant action can be attributed to the tyrosine, or dimethyltyrosine (Dmt), residue. Tyrosine scavenges oxyradicals and forms relatively unreactive tyrosyl radicals; the unreactive tyrosyl radicals are then followed by radical-radical coupling, giving rise to dityrosine which reacts with a superoxide to form tyrosine hydroperoxide. Dmt is more effective than tyrosine in scavenging mitochondria for ROS. The specific location of the tyrosine or Dmt residue does not appear to be significant, as SS-31 was found to be as effective as SS-02 in scavenging H 2 O 2 and in inhibiting LDL oxidation.
SS-02 contains an amino acid sequence that allows SS-02 to freely penetrate cells even when they carry a 3 + net charge at physiologic pH (Zhao et al. 2003) . These aromatic-cationic peptides are taken up into cells in an energyindependent, non-saturable manner. Uptake studies with [3H]SS-02 showed rapid uptake with steady-state achieved in less than 30 min (Zhao et al. 2004 ). This finding suggests that these peptides freely pass through the plasma membrane in both directions. Unlike the larger cationic peptides, such as the Tat peptide (Drin et al. 2003; Derossi et al. 1996) , there is no evidence of vesicular localization that would result from endocytosis. Incubation of isolated mitochondria with [3H]SS-02 confirmed that it is taken up and concentrated more than 1000-fold in mitochondria (Zhao et al. 2004) . The ability of SS-02 to penetrate the blood-brain barrier in mice is also supported by the observation that SS-02, which also possesses high affinity for the l opioid receptor, is a very potent analgesic after subcutaneous administration (Zhao et al. 2002) . The duration of analgesia achieved with a single subcutaneous dose of SS-02 was 4 times longer than the duration of analgesia with an equipotent dose of morphine. However, the efficacies of SS-02 and SS-31 peptides have not been tested so far in AD, HD and FRDA mice.
Recently, the efficacy of the SS-31 peptide was studied in rodent models of ischemic brain injury (Cho et al. 2007a) , with a diabetic condition ), undergoing myocardial infarction (Cho et al. 2007b ) and in ALS (Petri et al. 2006) . Researchers found that SS-31 protects cells from mitochondrial toxicity in all these disease states. Petri et al. (2006) investigated SS-31 peptide for its therapeutic effects both in vitro and in vivo in the G93A mouse model of ALS. SS-31 protected against cell death induced by H 2 O 2 in vitro, in neuronal cells stably transfected with either wild-type or mutant Cu/Zn superoxide dismutase (SOD1). Daily intraperitoneal injections of SS-31 (5 mg/kg), starting at 30 days of age, led to a significant improvement in mouse survival and motor performance. In comparison with vehicle-treated G93A mice, SS-31-treated mice showed a decrease in the loss of cells and a decrease in oxidative stress in the lumbar spinal cord. These findings suggest that pharmacological modification of oxidative stress with SS-31 may hold therapeutic potential for the treatment of ALS (Petri et al. 2006) .
In a preliminary investigation of N2a cells treated with SS-31 (1nM final concentration) and grown in serum-free media, our laboratory found an increase in the growth of the neurites (Fig. 6) , suggesting that SS-31 may have a role in neuroprotection and synaptic connectivity (Reddy, unpublished observations) .
Choline esters of Glutathione and N-acetyl-l-cysteine Glutathione is an antioxidant that has been found to play a key role in reducing oxidants in the mitochondria. Glutathione choline ester and N-acetyl-l-cysteine choline ester are hydrophilic antioxidants and have been targeted to mitochondria (Fig. 5 ). Dicarboxylate and 2-oxoglutarate carry glutathione into mitochondria. Glutathione neutralizes free radicals in the mitochondria very effectively and protects mitochondria from oxidative damage. These molecules have been designed to develop the highly negative, internal potential of mitochondria.
Several recent studies using glutathione or glutathione inducers (such as c-glutamylcysteine ethyl ester, glutathione-ethyl-ester, N-acetyl-l-cysteine choline) and AD cell lines or primary neurons expressing mutant APP demonstrated that increased glutathione levels protect neurons against protein oxidation, loss of mitochondrial function, and DNA fragmentation induced by Aß (Pocernich et al. 2001; Boyd-Kimball et al. 2005a, b; Abe et al. 2004 ). These mitochondrially targeted antioxidants preferentially enter the mitochondria where they neutralize free radicals and decrease oxidative damage, and may protect neurons. Further research is needed to determine whether these mitochondrially targeted molecules can be used in mouse models of aging and neurodegenerative diseases.
These ROS drug targets may not increase ATP production in the mitochondria. Further, in the case of AD, these ROS targeted drugs may not have any effect on nuclear encoded mitochondrial proteins transport to mitochondria. This issue can be addressed by less or no production of Aß in the cytosol.
Calorie-restricted Diets, Activation of SIRTUINS, and Increased Longevity of Neurons
Another way to decrease the production of ROS in mitochondria and protect mitochondria is through a calorierestricted (CR) diet. CR diet is reported to activate longevity genes called SIRTUINS in lower organisms including yeast, worms, and flies (Guarente 2000; Tissenbaum and Guarente 2001; Blander and Guarente 2004; Lammings et al. 2004; Wood et al. 2004; Parker et al. 2005; Anekonda and Reddy 2006) . Recent studies of a CR diet in rodents and non-human primates suggest that SIR-TUINS are activated and increase the lifespan of the healthy rodents and non-human primates studied (Fig. 6) (Wang et al. 2005a, b; Patel et al. 2005; Qin et al. 2006a, b) . In other studies of aging and neurodegenerative diseases using animal models, a CR diet was found to reduce pathology and also to increase the lifespan of non-human primates, rodents, fruit flies, and worms (Guarente 2000; Tissenbaum and Guarente 2001; Blander and Guarente 2004; Lammings et al. 2004; Wood et al. 2004; Parker et al. 2005; Anekonda and Reddy 2006) . These studies suggest that if humans eat a CR diet, their lifespan may increase.
Calorie Restricted Diet and AD Several recent studies revealed that a CR diet reduces defects in the ETC, decreases mitochondrial ROS, and decreases mitochondrial damage in neurons from AD mice . Wang et al. (2005a, b) demonstrated that a CR regimen for mice diminished Aß generation and Aß plaque deposition, compared to control, well-fed mice. They observed a larger-than-two-fold increase in the concentration of brain sAPPa in CR animals compared to control mice, suggesting that CR diet may reduce Aß production via the activation of SIRT1 and a-secretase activity. Using APP (swe/ind) and APP + PS1 adult mice, Patel et al. (2005) found that a CR diet correlated substantially with a decrease in the accumulation of Aß-plaques by 40% in the APP mice (CR, 6 weeks) and by 55% in APP + PS1 mice (CR, 14 weeks), suggesting that dietary intervention in adult life might slow disease progression. In another CR APP mouse study, Qin et al. (2006a) reported that the predicted attenuation of Aß in the brain during CR diet was reproduced in mouse neurons in vitro by manipulating the expression and activity of cellular mammalian SIRT1 (yeast Sir2) through mechanisms involving the regulation of the serine/threonine Rho kinase ROCK1, known in part for its role in inhibiting the nonamyloidogenic a-secretase processing of APP. In addition, Qin et al. (2006b) tested the benefits of a CR diet in squirrel monkeys with Aß neuropathology. The monkeys were maintained on normal and CR diets throughout their lifespan, until they died of natural causes. They found reduced levels of Aß1-40 and Aß1-42 peptides in the temporal cortex of 30% of the CR monkeys, compared to the control monkeys. The decreased contents of the cortical Aß peptide in the monkeys is inversely correlated with SIRT1 protein concentrations in the same brain region. These results suggest that CR may decrease Aß pathology by activating SIRT1 and non-amyloidogenic a-secretase activity.
Further, several studies have reported that resveratrol, by activating SIRT1, reduces defects in electron transfer in ETC, decreases mitochondrial ROS, increases oxygen consumption, and maintains ATP production in brain neurons Anekonda 2006) .
Neuroprotective Role of PGC-1a in HD Peroxisome proliferator-activated receptor-coactivator (PGC)-1a is a member of a family of transcription coactivators that play a central role in regulating the metabolism of cells. PGC-1a is a transcription coactivator that interacts with a broad range of transcription factors involved in a wide variety of biological responses, including adaptive thermogenesis and mitochondrial biogenesis of several tissues such as brain tissues (Liang and Ward 2006) . Recently, using tissues from HD mice and patients, and cells from HD patients, 3 research groups independently studied PGC-1a and mitochondrial bioenergetics of HD in order to determine the role of PGC-1a in HD pathogenesis (Cui et al. 2006; St-Pierre et al. 2006; Weydt et al. 2006) . Cui et al. (2006) studied striatal neurons from postmortem HD patient brains, from an HD knock-in mouse model that over-expresses mutant Htt, and from a STHdhQ111-cultured HD striatal cell line. They found a decrease in mRNA expression of PGC-1a in all 3 sources of striatal neurons, suggesting that mutant Htt interferes with the formation of the CREB/TAF4 complex that regulates transcription of the gene encoding PGC-1a. Using HD mice lines, Weydt et al. (2006) studied the connection between PGC-1a and adaptive thermogenesis in HD (Weydt et al. 2006) . They found marked hypothermia at baseline temperatures, following cold exposure in both the N171-82Q and R6/2 HD mouse models. After cold exposure, UCP-1 expression was decreased in brown adipose tissue from N171-82Q HD mice relative to wild-type mice, implicating impaired PGC-1a function in these mice. St-Pierre et al. (2006) demonstrated that PGC-1a is capable of scavenging ROS and increasing the production of antioxidant enzymes. They also found an increased expression of genes encoding ROS defense enzymes, including copper/zinc superoxide dismutase (SOD1), manganese SOD (SOD2), catalase, and glutathione peroxidase. In a study of PGC-1a-deficient mice, these same researchers found that the basal expression of SOD1, SOD2, and catalase was considerably lower in the heart and brain, regions known to be sensitive to oxidative stress, suggesting that the activation of PGC-1a protects HD neurons from mitochondrial toxicity caused by mutant Htt. Overall, these studies suggest that PGC-1a may play a significant role in protecting neurons against mitochondrial toxicity and oxidative damage in HD pathogenesis by increasing its transcription and interaction with several transcription factors in HD neurons. Therapeutic molecules that target mitochondria or SIRTUIN activators may be useful in treating HD and other neurodegenerative diseases (Reddy 2007) . CR studies are yet to be carried out in mouse models of HD, PD, FRDA, and other mitochondrial diseases, to determine neuroprotective efficacies of CR diet. Currently, researchers are actively testing CR diets and Sirtuin activators in mouse models of PD, ALS, FRDA, and other neurodegenerative diseases.
Conclusions
Several lines of evidence suggest that mitochondria play a significant role in aging and age-related neurological diseases, including AD, PD, HD, ALS, and FRDA. Mitochondria are the major source of energy for the normal function of brain cells. Mitochondrial dysfunction has been found to lead to the increased generation of ROS, abnormal protein-protein interactions, and decreased mitochondrial ATP production. Increased production of ROS with compromised mitochondrial function has been found to damage neurons in early-onset, inherited, and late-onset, noninherited neurodegenerative diseases. Recent studies of neurons from postmortem brain specimens and from transgenic mouse models revealed that mutant proteins enter mitochondria, interact with mitochondrial proteins, and disrupt the ETC. This sequence of events ultimately generates ROS and inhibits the production of cellular ATP, which prevents neurons from functioning normally Further, the accumulation of mtDNA changes may contribute to mitochondrial dysfunction in an age-dependent manner, suggesting that age-related mitochondrial dysfunction plays a large role in neurodegenerative diseases.
Currently, several strategies are being developed to treat mitochondrial diseases, including: (1) targeting mitochondria with antioxidants, (2) developing molecules that activate human longevity genes ''SIRTUINS'' that suppress oxidative damage in cells, and (3) mitochondrial DNA therapy. These strategies are at early research stages, with results promising thus far. However, our current knowledge of mitochondrial involvement in aging and neurodegenerative diseases is still quite limited, with many issues still needing to be addressed, such as: (1) If mitochondrial dysfunction is critical to the progression of disease in neurodegenerative diseases, what is the mechanism for mitochondrial involvement in each of these diseases? Is there a selective accumulation of mitochondrial DNA defects in affected brain regions in each of these neurodegenerative diseases? (2) In AD, PD, HD, ALS, and FRDA, specific populations of neurons are affected, although both normal and mutant proteins express in all cells of the body. Are mitochondria preferentially dysfunctional, particularly in a specific population of neurons, in each of these diseases? (3) How do mutant proteins (Aß in AD, mutant SOD1 in ALS, mutant Htt in HD, mutant a-synuclein in PD, and mutant frataxin in FRDA) selectively interact with mitochondrial proteins? (4) What are the pathomechanisms involved in inherited and non-inherited neurodegenerative diseases? Learning answers to these important questions may allow us to develop therapeutic strategies and/or develop molecules to treat devastating neurodegenerative diseases.
